In mantle cell lymphoma (MCL), in addition to the characteristic t(11;14)(q13;q32), rearrangements on the 3' side of the cyclin D1 gene have been described. In a series of 32 MCL we found three cases with 3'-rearrangements by Southern blot analysis with a probe representing the 3' untranslated region of the cyclin D1 gene. All three were characterized by the absence of the 4.5 kb transcript, and instead, two cases showed overexpression of the 1.7 kb and a third case (MCLp14) an aberrant 2.5 kb transcript. At the genomic level, ®ne mapping experiments showed in the 3' untranslated region a 2 kb deletion in MCLp14 and a breakpoint in the other two cases. Fiber FISH analysis showed that in all three cases the 3' aberration co-exists with a regular t(11;14) breakpoint 5' of cyclin D1 on a single allele. Fiber FISH analysis of 16 additional MCL revealed two other such cases with breakpoints 5' and 3' of cyclin D1. These mono-allelic aberrations aecting the cyclin D1 gene suggest that the t(11;14) as a ®rst step switches on transcription, and then sequences in the untranslated region of cyclin D1 are aected to stabilize the message.
Introduction
In B-cell non-Hodgkin's lymphoma (B-NHL) recurrent chromosomal translocations, the t(11;14)(q13;q32), t(14;18)(q32;q21) and t(8;14)(q24;q32) are frequently observed (reviewed by Kluin et al., 1996) . A common feature of these translocations is that the oncogenes are activated due to juxtaposition to the immunoglobulin heavy chain (IgH) gene Em enhancer on chromosome 14q32. In the t(14;18) and t(8;14), respectively the BCL2 and c-MYC genes were identi®ed as the involved oncogenes. The cyclin D1 gene was identi®ed as the involved oncogene at 11q13 because it is overexpressed in more than 90% of mantle cell lymphomas (MCL), but not in normal B-cells or other B-cell lymphomas (De Boer et al., 1995a; 1995b; Rosenberg et al., 1991; Bosch et al., 1994; Akiyama et al., 1994; Williams et al., 1994; Rimokh et al., 1993; Raynaud et al., 1993; Hayashi et al., 1994) . A single exception is hairy cell leukemia, that lacks 11q13 breakpoints but expresses low levels of cyclin D1 (Bosch et al., 1995; . Therefore this overexpression is now considered a characteristic feature of MCL in the classi®cation of B-NHL. In contrast, in only 71% and 50% of MCL chromosome 11q13 breakpoints in the BCL1-locus can be detected using cytogenetic and Southern blot analysis respectively (reviewed in De Boer et al., 1997) . However, using either multi-colour barcode ®ber FISH or interphase FISH (Bigoni et al., 1996) , it was recently shown that in nearly all MCL a BCL1/IgH breakpoint is present. In addition, using ®ber FISH we showed that these breakpoints are located within a region of 330 kb 5' of the cyclin D1 gene and are joined to the IgH locus (Vaandrager et al., , 1997 . These observations suggest that juxtaposition of IgH cisacting sequences to the cyclin D1 gene results in the observed overexpression of this gene in all MCL.
In addition to these breakpoints 5' of the cyclin D1 gene, genomic abnormalities in the 3' untranslated region (3'-UTR) of the cyclin D1 gene have been reported occasionally in B-cell lymphomas (Rimokh et al., 1994; Hayashi et al., 1994; Komatsu et al., 1994; De Boer et al., 1995a) and in cell lines derived from CLL and B-NHL (Seto et al., 1992; Rimokh et al., 1994; Withers et al., 1991) . Two cases had a deletion in the 3'-UTR (Rimokh et al., 1994; Withers et al., 1991) and another B-cell lymphoma carried a t(11;22)(q13;q11) fusing the 3'-end of the cyclin D1 gene with the immunoglobulin lambda gene complex (Komatsu et al., 1994) . In the other cases the breakpoint fusion partner was not identi®ed. In most of these cases rearrangements at the 3'-end of the cyclin D1 gene co-existed with a t(11;14)(q13;q32) and/or IgH/BCL1 breakpoint. Although no experimental evidence exists, it was assumed that both aberrations aected the same cells and within these cells the same allele.
In our previously reported series of 32 MCL, three cases (MCLp8, MCLp14 and MCLp345) showed abnormal cyclin D1 transcripts (De Boer et al., 1995a) . MCLp14 showed an aberrant transcript of approximately 2.5 kb and the other two cases showed overexpression of the 1.7 kb transcript, while the 4.5 kb transcript was absent in all three cases. Western blot analysis showed overexpression of a normal p36 cyclin D1 protein (De Boer et al., 1995b) , as in other reported cases with 3'-UTR alteration (Rimokh et al., 1994) . All three cases showed a rearrangement by Southern blotting with a 3'-UTR probe, not observed in the other 29 MCL (De Boer et al., 1993) . In MCLp8, by Southern blotting we also detected a t(11;14) breakpoint at the MTC. In this report, we map the rearrangements in detail by Southern blotting and we use ®ber FISH to visualize 5' and 3' BCL1 breakpoints on single alleles.
Results
Fine mapping of rearrangements in the cyclin D1 3'-UTR in MCL In order to characterize the genomic aberrations in the 3'-end of the cyclin D1 gene in MCLp8, MCLp14 and MCLp345 in detail, a genomic ®ne map of this region was constructed. Multiple digests were analysed with two cyclin D1 exon 5 probes (see Figure 1) . Southern blot analysis of cases MCLp8 and MCLp345 showed additional bands of various sizes in all digests ( Figure  2 ). In both cases the rearranged bands did not comigrate with IgH or IgL gene complexes (data not shown). According to the restriction map of the cyclin D1 genomic region (Motokura and Arnold 1993) in both MCL the breakpoint was located within a 800 bp region immediately 3' of the coding sequences of exon 5 (Figure 1 ).
In all digests of case MCLp14, most of the rearranged fragments were approximately 2 kb smaller than the germline fragment, suggesting a deletion in the 3'-UTR. By nested PCR with primers on both sides of the potentially deleted region, we observed the expected fragment of 3.15 kb in normal DNA, and an additional product of 1.2 kb in MCLp14. Sequence analysis of the 1.2 kb PCR product revealed a deletion encompassing nucleotides 1735 ± 3693 of the 3'-UTR ( Figure 1 ). The presence of this deletion is in good agreement with the aberrantly sized transcript of 2.5 kb (De Boer et al., 1995a) .
Fiber FISH analysis reveals mono-allelic double rearrangements
Fiber FISH was performed as reported recently using a contig of ®ve cosmid/P1 DNA probes covering a region of approximately 150 kb 5' of the cyclin D1 gene and 100 kb on the 3'-side (11q13-probe mix) in alternate¯uorescent colours. Hybridization of this probe mix on normal DNA ®bers generates a characteristic multi-colour barcode. To test for juxtaposition of 11q13 sequences to the IgH locus in MCL, probes from both regions were co-hybridized (11q13/IgH-probe mix). Hybridization of MCLp8 DNA ®bers with the 11q13-probe mix showed that the colour barcode was broken into 3 parts by two breakpoints: one breakpoint 5' at the MTC, which was previously detected by Southern blotting (De Boer et al., 1993) , and the other one in the 3' part of the cyclin D1 gene (Figure 3 ). Hybridization with the 11q13/IgH-probe mix showed that IgH was the translocation partner of the MTC breakpoint (data not shown). Hybridization of MCLp345 with the 11q13-probe mix revealed a breakpoint in the 3' part of the cyclin D1 gene, splitting the colour barcode into two complementary parts (Figure 3) . Hybridization with the 11q13/IgH-barcode probe mix showed, only on the alleles with a 3' breakpoint, co-localization of 14q32/IgH probes and 11q13 probes on single DNA ®bers indicating the presence of a t(11;14)(q13;q32) breakpoint at 100 kb centromeric from the MTC.
After hybrization of MCLp14 DNA ®bers with both probe mixes, a t(11;14) breakpoint was detected 60 ± 65 kb centromeric from the cyclin D1 gene with juxtaposition to IgH sequences. DNA ®bers of MCLp14 were then hybridized with an adapted probe mix, including a 1.9 kb PCR product representing the deleted region (nucleotide 1735 to 3693) (Figure 3) . In 45 of 61 DNA ®bers with a normal barcode representing the normal allele from the tumor cells and non-tumor cells, the biotin-labeled PCR probe appeared as a clear red dot. In contrast, in none of the 12 abnormal ®bers containing the breakpoint a red dot was visible. Since this dierence is signi®cant (w 2 test; Lebwohl et al., 1994; 2: Withers et al., 1991; 3: Rimokh et al., 1994; 4: Seto et al., 1992; 5*: Komatsu et al., 1994 (the case with a t(11;22)). Methods: To map the deletion in MCLp14 more precisely, a nested PCR was performed on MCLp14 DNA and on DNA from normal periferal blood lymphocytes as a control. For the ®rst-stage PCR primers 5'-GCAGAACATGGACCCCAAGGC-3' (nt. 936 ± 956) and 5'-CAGACCCTCAGACTTGCGCG-3' (nt. 4074 ± 4094) and for the second PCR primers 5'-GGACCTGGCTTGCACACCCAC-CG-3' (nt. 990 ± 1012) and 5'-GCACTTGCCACCAGCCTTT-GGCC-3' (nt. 4024 ± 4047) were used. PCR products were directly sequenced using the cycle-sequencing kit (Perkin-Elmer Cetus) and [a 32 P]dATP (Amersham) end-labeled primers. For sequence comparisons, the programs SEQED and FASTA of the Genetics Computer Group sequence analysis software package (GCG Wisconsin, version 8.1) were applied. For nucleic acid sequence analysis of the cyclin D1 cDNA accession number X59798 was used P50.05) we conclude that the 3' deletion is on the same allele as the t(11;14) breakpoint.
By interphase and ®ber FISH screening of 16 additional cases of MCL we recently identi®ed two similar cases with double mono-allelic breakpoints: a breakpoint immediately 3' from the cyclin D1 gene, and the other respectively at 120 kb 5' from the cyclin D1 gene and at the MTC (data not shown).
Discussion
In a series of 48 MCL we identi®ed ®ve cases with a combination of a regular BCL1/IgH breakpoint and a rearrangement in the 3'-UTR of the cyclin D1 gene. In all ®ve cases both aberrations were present on the same allele. The four cases with a 3' translocation provide strong evidence that cyclin D1 and no other gene is the key oncogene in MCL, since no other potential coding domains have been identi®ed between the 5'-breakpoints and the ®rst exon of the cyclin D1 gene (Lammie et al., 1991; Brookes et al., 1992; Withers et al., 1991) . In these four cases, we could not identify the juxtaposed DNA sequences at the 3' end of the cyclin D1 gene. Therefore, we do not know whether this 3' juxtaposition may have led to additional deregulation of cyclin D1. Cytogenetic analysis of case MCLp345 showed a regular t(11;14)(q13;q32) indicating a submicroscopic chromosomal abnormality downstream of the cyclin D1 gene at the 14q+ chromosome, whereas interphase FISH suggested an inversion additional to the regular t(11;14) (data not shown). Unfortunately, in the other cases no cytogenetic analysis could be performed.
These mono-allelic complex rearrangements provide some new clues with regard to the cyclin D1 activation mechanism in B-cell NHL. In normal cells with cyclin D1 expression, two major transcripts of 4.5 kb and 1.7 kb are present (Xiong et al., 1991, Keyomarsi and Perdee, 1993) . The 1.7 kb transcript terminates just 3' of the coding domain of exon 5, and thus lacks almost the complete 3'-UTR (see Figure 1) . One of the functions that have been attributed to UTR sequences is stimulation of RNA degradation (Shaw and Kemen, 1986) . In mammals AU-rich elements (ARE's) were identi®ed as mRNA destabilizing sequences (Zubiaga et al., 1995) . Recently, the minimal determinant of mRNA instability was identi®ed as the UUAUUUAUU motif and two less ecient variants UUAUUUAU and UAUUUAUU (Zubiaga et al., 1995) . In the 3'-UTR of the cyclin D1 gene one UAUUUAUU motif is observed (at nucleotide 2452 ± 2459), which is present only in the 4.5 kb mRNA.
In all reported cases with a deletion in the 3'-UTR (Withers et al., 1991; Rimokh et al., 1994) including MCLp14 (this manuscript) the mRNA degradation signal is deleted and the aberrant transcript (i.e. with the deletion) is overexpressed. Unfortunately, no vital cells were available to determine the half-life of cyclin D1 in our case. A cell line derived from a MCL with an UTR deletion showed a 6 ± 10-fold increase of the aberrant transcript (Rimokh et al., 1994) . It is therefore tentative to speculate that the loss of the UAUUUAUU sequence in MCLp14 is responsible for an increased stability. A similar mechanism may be present in cases with a 3' translocation , since also here 3'-UTR sequences are lost as the result of a translocation. The majority of MCL show overexpression of both transcripts without gross 3'-UTR B E H P S X B E H P S X B E H P S X B E H P S X -23 kb -9.6 kb -6.6 kb -4.0 kb -2.3 kb -2.0 kb
Figure 2 Southern blot analysis to detect genomic aberrations in the 3'-UTR of the cyclin D1 gene. Rearrangements in the 3'-UTR of cyclin D1 are shown by Southern blotting of normal placenta DNA and DNA of MCLp8, p14 and p345 with multiple restriction enzymes and by hybridization with probe 1 (see Figure 1) . A size marker is indicated at the right, germline bands for each restriction enzyme are indicated by bars on the left, used restriction enzymes are indicated on top. B: BamHI, E: EcoRI, H: HindIII, P: PstI, S: SacI, X: XhoI. Methods: Normal placenta DNA as well as DNA from MCLp8, p14 and p345 were digested with BamHI, EcoRI, HindIII, PstI, SacI or XhoI (Boehringer Mannheim, Germany), size fractionated and hybridized with probe 1 and probe 2 (not shown) (De Boer et al., 1993) . To analyse for co-migration with the Ig genes, the same membranes were subsequently hybridized with (i) J H , a 2.5 kb EcoRI/BglII fragment representing J2-J6 of the J H genes, (ii) IGKJ5, a 540 bp HindIII/SacI fragment for the Ig kappa joining gene complex and (iii) IGLC3, a 490 bp HindIII/EcoRI fragment hybridizing to all Ig lambda constant genes (data not shown)
abnormalities. Although the ratio of the two transcripts is generally not higher than two, cases with a signi®cant increase of the 4.5 kb/1.7 kb ratio have been reported (Bosch et al., 1994) . It is tentative to speculate that the observed increased stability of the 4.5 kb transcript in these latter cases is due to small deletions or changes in the 3'-UTR region. Possibly these 3' alterations are more common than anticipated, especially since only one single nucleotide substitution in the mRNA degradation signal (the UUAUUUAUU, UUAUUUAU and UAUUUAUU motifs) is sucient to eliminate its function (Zubiaga et al., 1995) .
We hypothesize that cyclin D1 overexpression in MCL is the result of a two-step mechanism. First juxtaposition of the IgH enhancer activates the transcription machinery to trigger cyclin D1 expression that is normally absent in B-cells. The second step is to increase stability of the message. This order of events is strongly supported by the fact that double 5' and 3' rearrangements were observed in only a minority of MCL, whereas 5' rearrangements were found in almost all MCL. Interestingly, in a breast carcinoma cell line with ampli®cation of the cyclin D1 gene and concomittant overexpression the ampli®ed gene also carried a deletion in the 3'-UTR including the mRNA degradation signal (Lebwohl et al., 1994) . This transcript had a half-life of 6 h. Because the cyclin D1 gene is already expressed in mammary gland cells Buckley et al., 1993; Keyomarsi et al., 1993) , to increase the steady state levels, DNA ampli®cation is not an essential prequisite, but 3'-UTR changes might be sucient. In agreement with this hypothesis is the observation that in half of all breast carcinomas with overexpression of cyclin D1 no ampli®cation could be detected (Gillett et al., 1994; Courjal et al., 1996; Schuuring et al., 1992) . Figure 3 Fiber FISH with 11q13 and IgH probes. DNA ®bers were prepared from MCLp8, MCLp345 and MCLp14. MCLp8 and MCLp345 were hybridized with a combination of cosmid and P1 probes covering 250 kb of the BCL1 breakpoint region, labeled in alternating red and green. The topmost barcode represents a normal, germline 11q13 allele, which is also present in MCLp8 and MCLp345. In MCLp8 part of the barcodes is broken into three parts by two translocations. In MCLp345 the barcoded is broken into two parts by a 3'-UTR translocation. Co-hybridization with IgH probes shows attachment of IgH probes 5' to the cyclin D1 gene on the same allele. MCLp14 was hybridized with an adapted barcode, optimized for detection of the 1.9 kb biotinilated deletion-speci®c probe. From top to bottom are shown: the two products of the BCL1/IgH translocation, with absence of the deletion-speci®c signal, and the germline allele which includes a red dot derived from the 1.9 kb probe. Methods: DNA ®ber preparations of frozen tissues were made as described previously . Probes were labeled by standard nicktranslation with biotin-16-dUTP or digoxigenin-11-dUTP (Boehringer Mannheim, Germany), and the slides were hybridized with two probe mixtures labeled in alternating colours as reported previously . 11q13 barcode probe mix: a set of ®ve probes covering the 11q13 breakpoint region (ICRF700-B1587, ICRF700-J0777, cos6.22, cos 3.62 and cos3.91). 11q13/IgH barcode probe mix: a combination of the 11q13 barcode probe mix and two cosmids from the immunoglobulin heavy chain gene complex covering the J H -genes and Cm (cos U2-2 and cos 3/64). To detect the deletion in MCLp14, an extra hybridization was performed with Mix 3, containing the 11q13 probes ICRF700-B1587, ICRF700-J0777, cos6.22 and cos3.91, and a PCR-generated probe covering the 3'-UTR region deleted in MCLp14. This probe was generated using primers 5'-GCTCATATGCATGTAGT-CAC-3' (nt. 1601 ± 1620) and 5'-CCGTGGTGGCACGTAAGACAC-3' (nt. 3551 ± 3571). Hybridization procedures, immunologic detection and¯uorescence microscopy were performed as described in (Florijn et al., 1995) 
